Land clearing, river impoundments, and other human modifications to the upland landscape and within estuarine systems can drive coastal change at local to regional scales. However, as compared with mid-latitude coasts, the impacts of human modifications along sediment-starved formerly glaciated coastal landscapes are relatively understudied. To address this gap, we present a late-Holocene record of changing sediment accumulation rates and sediment sources from sediment cores collected across a tidal flat in the Merrimack River estuary (Mass., USA). We pair sedimentology, geochronology, bulk-and stable-isotope organic geochemistry, and hydrodynamic simulations with historical data to evaluate human and natural impacts on coastal sediment fluxes. During the 17th to 19th centuries, accumulation rates increased by an order of magnitude in the central tidal flat, likely in response to enhanced delivery of terrestrial sediment resulting from upland deforestation. However, the overall increase in accumulation (0.56-2.6 mm/year) within the estuary is subtle and spatially variable across the tidal flats because of coincident anthropogenic land clearing and dam building, upland sediment storage, and estuarine hydrodynamics. This study provides insight into the response of formerly glaciated fluvialcoastal systems to human modifications, and underscores the role of estuarine environmental conditions in modifying upland signals of land-use change.
Introduction
Land-use change can dramatically impact the transport and deposition of sediments to and along the coast. The arrival of European-style agriculture to North America and subsequent deforestation increased sediment loads to the affected coastal zones through an estimated tenfold increase in soil-erosion rates (Meade 1982) . In the United States, sediments derived from land clearing by the first European settlers resulted in the rapid progradation of estuarine bayhead deltas in the Chesapeake Bay in Maryland (Pasternack et al. 2001 ) and the Roanoke River in North Carolina (Jalowska et al. 2015) . In North Carolina, late 20th century tree farming in the Newport River watershed led to rapid accretion in the associated estuary and eventual marsh progradation (Mattheus et al. 2009 ). Along the Missouri and Mississippi rivers, sediment discharge during peak agricultural land use resulted in a 220% increase in the wetland area of the Mississippi River Delta between 1838 Common Era (CE) and 1932 CE (Tweel and Turner 2012) .
Despite the robust body of literature documenting the effects of humans on sediment transport from uplands to the coastal zone, there is insufficient understanding of anthropogenic effects on sediment fluxes from paraglacial landscapes; that is, those which retain geomorphic features and sediments that were derived directly or indirectly from glacial processes (Forbes and Syvitski 1994) . In such settings, glacial processes have removed and reworked surficial sediment and altered sediment transport pathways. Recent efforts to understand the effects of deforestation on sediment transport on these landscapes offer contradictory interpretations. Kirwan et al. (2011) concluded that increased coastal sediment accumulation from land-clearing during the 17th and 18th centuries increased lateral marsh growth near the Parker and Rowley rivers in northeast coastal Massachusetts (USA). However, Priestas et al. (2012) argued that these findings were inconsistent with evidence from historical maps and questioned the dating methods. Along some parts of paraglacial coastal Maine (USA), low landscape gradients restrict the export of sediments from logging sites to local watersheds (Kasprak et al. 2013) , mitigating any potential increase in coastal sediment delivery from deforestation. Additional features of the paraglacial landscape, such as armored soils and large lakes and bogs that interrupt many glaciated fluvial systems, reduce the modern sediment loads of New England rivers (Meade 1982) . This scenario is further complicated by the fact that paraglacial coastal landscapes were formed during periods of enhanced fluvial sediment discharge associated with meltwater from retreating ice sheets, but today a combination of natural (e.g., depletion of glacial deposits) and anthropogenic (e.g., stabilized slopes, river dams) conditions have greatly reduced river sediment discharges (Hein et al. 2014) . Whereas short-term records from the last ca. 30 years link declining fluvial suspended sediment concentrations to the presence of dams along rivers in New England (Weston 2014) , the centennial-scale effects of damming and land-use change (particularly within larger drainage basins) on sediment delivery from paraglacial landscapes, such as New England, remain largely unknown.
As with studies of terrestrial sediment export, investigations of local anthropogenic and natural impacts on sedimentation records and processes within estuaries have also often focused on sediment-rich coastal plain settings (e.g., Tambroni and Seminara 2006; Mattheus et al. 2009; Elliott et al. 2015) . However, extensive local anthropogenic changes also occurred in paraglacial estuaries during the historical period. Indeed, recent research attributes increased sediment trapping in off-river waterbodies along the paraglacial Connecticut River (USA) to anthropogenic maintenance of tidal inlets and tie-channels (Woodruff et al. 2013) . Paraglacial estuarine systems without off-river waterbodies can provide sedimentary records of anthropogenic disturbances to estuarine health and water quality (e.g., Hartwell 1970; Hubeny et al. 2018) . However, less is known about the potential for paraglacial estuaries to preserve records of past sediment fluxes. In the absence of estuarine settling basins and off-river waterbodies, tidal flats and fringing saltmarshes are the primary depocenters of upland-derived sediments in estuaries (e.g., Hartwell 1970; Meade 1982 ). Yet, tidal flats are subject to natural processes, such as tidal channel meandering (Fruergaard et al. 2011 ) and equilibrium morphodynamics (Fagherazzi et al. 2006) , that may eliminate their sedimentary records. Additionally, marshes often provide poor records of sediment provenance because of the high rates at which they produce autochthonous organic matter, overprinting organic-matter-based source signatures of allochthonous sediments (e.g., Saintilan et al. 2013) .
Refining the relative role of distal and proximal natural and anthropogenic activities in shaping coastal sediment delivery in paraglacial settings is particularly important in light of the threatened state of associated saltmarshes due to low inputs of fine-grained minerogenic sediments (Carey et al. 2017; Watson et al. 2017a Watson et al. , 2017b . Here, we use a transect of sediment cores collected across a mesotidal, river-mouth tidal flat to document late-Holocene changes in sediment provenance and fluxes to an estuary along the formerly glaciated New England coast. We pair historical evidence with geochronology provided by radiocarbon, pollen, and sediment geochemistry to document the combined effects of natural processes and both regional and local anthropogenic activities on estuarine tidal flat sediment accumulation rates. Additionally, we use our transect design to explore spatial and temporal changes in sediment source inferred from grain size and stable isotope organic geochemistry. We investigate the role of factors such as coincident upperwatershed land clearing and lower-watershed dam building, the equilibrium morphodynamics of tidal flats, and the potential for terrestrial sediment storage in controlling sediment delivery to, and record preservation in, paraglacial estuaries.
Site description and land use history

Physical setting
The Merrimack River (Fig. 1) is the fourth largest river by drainage area in New England, with a watershed that drains the formerly glaciated landscape of New Hampshire and northern Massachusetts. The Merrimack River is bordered by sandy glacial deposits and weathered granitic plutons (FitzGerald et al. 2005; Hein et al. 2014) . Sandy proglacial sediments were derived primarily from physically and chemically weathered granites, with sediments eroded and reworked through the advance and retreat of Wisconsinan (ca. 75-11 ka) and Illinoian (ca. 191-139 ka) glaciers (Hanson and Caldwell 1989; Stone et al. 2006) . Modern estuarine channels of the Merrimack River transport sub-angular to rounded quartzose sands with abundant feldspar, mica, and rock fragments (>30%), indicative of granitic origin and local, glacigenic source (FitzGerald et al. 2005) .
The Merrimack River is tidal up to 35 km from its mouth in the western Gulf of Maine. The lower 5 km is characterized by a wide embayment where fringing marsh and tidal flats, including the 5800 m 2 Joppa Flats ( Fig. 1 ), occupy shallow depths (between −1.5 and +1.5 m local mean sea level (MSL)). The average depth of the river channel in the lower estuary is 2.5 to 10 m below MSL and average width is 200 to 500 m. At its mouth, the Merrimack River inlet is restricted by two jetties and bounded to the north and south by barrier islands: Salisbury Beach and Plum Island, respectively.
The Merrimack River estuary is a relatively shallow, strongly forced, salt-wedge estuary (Ralston et al. 2010) . Mean tidal range is 2.5 m and spring tidal range is 4.0 m. The tidal cycle and river discharge control water mixing in the highly stratified estuary (Ralston et al. 2010 ). The Merrimack River estuary water column is weakly stratified during low-discharge periods, but during high-discharge eventsparticularly during flooding tidesthe water column becomes highly stratified, with internal shear mixing occurring during the early ebb, and boundary layer mixing at the end of the ebb tide (Ralston et al. 2010) . Bedload transport primarily occurs during high-discharge events associated with spring freshets and tropical and extratropical storms (FitzGerald et al. 2005 ).
Regional and local land-use history
Anthropogenic impacts in the Merrimack River watershed include deforestation, dredging, river damming, industrialization, and urbanization (Fig. 2 ). Extensive land clearing in the lower watershed was initiated with the arrival of European colonists and reached its peak in the upper watershed in 1870 CE (U.S. Army Corps of Engineers 1911). Dams for textile mills (Fig. 1b ) in the Merrimack River watershed date to the 1820s at Lowell and the late 1840s at Lawrence (Molloy 1976; Steinberg 1991) , with earlier mills being predominately small grist and sawmill operations (Donahue 2004) . Dredging operations for waterway navigation in the Merrimack Valley above Newburyport began during the era of steamboats, around 1870 CE (Bradlee 1920) . Additional dredging for improving waterpower potential, primarily for textile mills, occurred after the Civil War; however, most of this work was centered around the confluence of the Merrimack and Concord rivers and at Hunt's Falls on the Merrimack (Malone 2009 ). More recently, this region has undergone considerable urbanization (Mayer et al. 2002) . For example, residential construction had started on wetlands and proximal to stream channels in the Merrimack Basin by 1968 (Wood et al. 1970) . By the late 20th century, urban and suburban development expanded to include more than 13% of the entire Merrimack River basin (Flanagan et al. 1999) .
Localized anthropogenic impacts to the estuary include land clearing from early Colonial settlement to the 19th century followed by hard engineering structures designed to stabilize the inlet and control the flow of the Merrimack River. The first documented European settlement near the estuary began in 1635 CE, at which time nearly 400 acres (∼162 ha) of cleared land was used for cattle grazing along the waterside (Currier 1902) . The town of Newburyport was officially chartered in 1764 CE, and by the 1790s was among the most prosperous ports in New England (Labaree 1962) . Completion of the Plum Island Turnpike (a road) in 1806 CE allowed for easy travel between the town of Newburyport and Plum Island, and initiated development of that barrier island (Fallon et al. 2017 ). Completion of an approximately 580 m long stone breakwater ( Fig. 1c ) in the estuary in 1831 CE was an attempt to control the shifting river channel (Smith 1854 ). An additional 294 metric tons of stone was added to the breakwater in conjunction with the erection of a pier on the northern riverbank (U.S. Army Corps of Engineers 1835). In response to continued navigation issues, the U.S. Army Corps of Engineers constructed a set of stone jetties along the northern and southern banks of the river mouth beginning in 1881 CE and 1883 CE, respectively. Construction and subsequent lengthening of the jetties continued for nearly two decades (Hartwell 1970) . River-mouth dredging projects occurred throughout the 20th century and were complemented by jetty repairs in the late 1960s and most recently in 2014 CE (Hein et al. 2019 ).
Methods
Sample collection
Sediment cores were collected in June 2015 CE using a pontoon-mounted piston-corer, an approach that minimizes artificial compaction. Five sites were chosen along a marsh-edge to river-channel-proximal transect across the estuary to ensure a reliable record from the dynamic tidal flat environment ( Fig. 1 ). Additionally, our sampling scheme allows us to understand how changing wave and tidal energy from the riverbank towards the modern river channel controls preservation of estuarine sedimentary records. Two cores were collected at each site. Cores were each collected in a single drive, and varied in length from approximately 130 to 150 cm. The first core was split horizontally, logged visually and with an Avaatech XRF Core Scanner (see Supplementary Data S.1.4 1 ), and subsampled for grain size, palynological analysis, and total organic carbon (TOC) and nitrogen (TN) analyses. The second core was subsampled vertically (1 cm interval) for bulk density, loss-on-ignition, and 137 Cs and 210 Pb analyses.
Sediment core stratigraphy
All cores were photographed and described using visual standards for color (Munsell 2000) , texture, and mineralogy. Cores from sites A, C, and E were sampled at 1 cm intervals for quantitative grain-size analysis from 0 to 30 cm, and 5 cm intervals thereafter. Grain-size samples were analyzed on a Beckman Coulter LS I3 320 laser diffraction particle size analyzer in the Woods Hole Oceanographic Institution (WHOI) Coastal Systems Group laboratory. A subset of 34 samples selected at random were analyzed in triplicate; resulting standard deviations of grain size were used to calculate an average instrumental uncertainty of ±3%.
Sediment core chronology and accumulation rates
We constrain sediment core chronology with Δ 14 C analyses, Ambrosia and Cerealia pollen abundance data, and short-lived radionuclide concentrations. Eight samples total of mollusk, wood, and organic matter were analyzed for radiocarbon content at the National Ocean Science Accelerator Mass Spectrometry facility at WHOI. All radiocarbon ages were calibrated using OxCal 4.2 (Bronk Ramsey 2009), which includes a reservoir correction. Terrestrial samples (roots, wood, and organic matter) were calibrated with Intcal13 (Reimer et al. 2013 ) calibration curves. Marine samples (all mollusks) were calibrated using Marine13 (Reimer et al. 2013 ), corrected to a regionally averaged local reservoir correction (ΔR) of 107 ± 37 years (following Hein et al. 2012 ).
Pollen and spores in samples from sites A, C, and E were isolated using standard preparation techniques (Willard et al. 2001; Traverse 2007) . Samples were washed with HCl and HF to remove carbonates and silicates, respectively, and acetolyzed (1 : 9, sulfuric acid : acetic anhydride) in a boiling bath for 10 min. After neutralization, samples were treated with 10% KOH for 10 min at 70°C and then neutralized. Residual sample material was sieved at 149 and 5 μm to remove the coarse and fine palynomorph fractions, respectively. When necessary, samples were swirled on a watch glass to remove any additional inorganic material. Samples were then stained with Bismarck Brown and mounted onto slides in glycerin jelly. In general, at least 300 pollen grains and spores were counted from each sample to determine the percent abundance and concentration of palynomorphs, which were generally identified to the genus or family level.
Samples for gamma analysis were oven-dried at 50°C, homogenized, weighed, packed in either 25 or 12 mL (as determined by available sample volume) Petri dishes, sealed using vinyl electrical tape and paraffin wax, and stored for at least 30 days to ensure equilibrium between 226 Ra and its radon daughters 214 Pb and 214 Bi. The samples were measured for 137 Cs (662.6 keV photopeak) and 210 Pb (46.5 keV photopeak) activity by gamma spectroscopy using a shielded ultra-low background Canberra 5030 Broad Energy Germanium gamma detector for a period of at least 24 h (see Supplementary Data S.1.2 for uncertainty and calibration 1 ). The constant rate of supply (CRS) model (Appleby and Oldfield 1978; Appleby 2001 ) was applied to calculate age estimates in the upper portion of the cores.
Sedimentation rates were calculated for sites A (bank-proximal) and C (central) using the "classical" age-depth modeling software package Clam 2.1 (Blaauw 2010) . Geochronological inputs to the model include the oldest 210 Pb CRS age estimate, Ambrosia pollen horizon, and calibrated 14 C dates. However, because of the inherent uncertainty associated with radiocarbon dating, we use only four radiocarbon dates for determination of sediment accumulation rates.
Bulk organic carbon and nitrogen analyses
TOC and TN contents, and stable isotope compositions for TOC and TN (δ 13 C TOC and δ 15 N TN ) were determined at 5 cm intervals from cores A, C, and E at the WHOI Organic Mass Spectrometry Facility. Prior to analysis, samples were freeze-dried, homogenized, and powdered. Samples for TOC, TN, δ 13 C TOC , and δ 15 N TN were analyzed in triplicate on an elemental analyzer coupled to a Finnegan Deltaplus isotope ratio mass spectrometer. TN and δ 15 N TN compositions were measured on raw powdered sample aliquots. TOC and δ 13 C TOC were determined following fumigation acidification of powdered sample aliquots (Whiteside et al. 2011 ). These sample aliquots were sealed in a vacuum desiccator with a beaker of 50 mL 12N HCl, fumigated for 60 to 72 h at 60-65°C to remove carbonates, and dried in a separate desiccator for an additional 24 h prior to measurement. Bulk sediment TOC and TN are controlled predominantly by sediment texture (Hedges and Keil 1995) , and thus values are reported in text and figures following normalization to sample grain size (percentage <63 μm) (see Supplementary Data Fig. S2 1 ) .
Hydrodynamics, sediment mobility, and erosion potential
A hydrodynamic model (Delft3D; Lesser et al. 2004 ) that was previously developed and validated with deployments in Plum Island Sound (Fig. 1d ) was used to provide timedependent water level and velocity in the vicinity of the cores to assess sediment mobility in the modern system. Sediment mobility was assessed using a sediment transport model (SEDTRANS05; Neumeier et al. 2008 ) capable of simulating both cohesive and non-cohesive suspended and bedload transport for multiple size classes (for model details, see Neumeier et al. 2008) . The model was applied as a "point model", in that tide-dependent conditions were simulated at one location (not spatially across the flats) where water level and tidal velocities were collected (Fig. 1d) . The model was driven with the depth-integrated velocity. The sediment model was initialized with grain-size data from sediment cores for sand (average D 50 (∼115 μm) from the upper 10 cm of sites A (60 μm), C (134 μm), and E (154 μm)) and used literature values to set critical erosion stress for cohesive transport (e.g., 0.5-0.7 Pa; Fagherazzi et al. 2006; Xu et al. 2015) . Other inputs to the model included roughness height selected based on the grain diameter of sand (bed was free of bedforms), settling velocities for each sediment class (Stokes settling), and sediment density for sand (2650 kg/m 3 ) and mud (1600 kg/m 3 ).
Results
Joppa flats stratigraphy
Sites A, C, and E are predominantly composed of silt (3.9-63 μm) and sand (>63 μm), with the clay (<3.9 μm) fraction ranging from 0.9% to 6.0%. Sediment textures are spatially variable at depths greater than approximately 60 cm from the sediment surface: river-proximal sites (cores C, D, and E) are marked by a relatively organic-rich (average TOC: 3.4% ± 0.2 percentage points) bed that extends laterally for at least 400 m, whereas bank-proximal sites (cores A and B) are characterized by fining-upward deposits interpreted as channel fill (Fig. 3) . Sediments at site A progressively fine upward, with the sand fraction decreasing from an average of 69% ± 10 percentage points at 120-35 cm to 38% ± 7 percentage points in the upper 35 cm of the core (Fig. 4) . The bottommost sections of core B contain pebblesized rock fragments. All cores contain a layer of coarse sand and shell hash from approximately −150 to −210 cm MSL. The uppermost ∼30 cm of each core contains silty sand (sand <50% ± 3 percentage points), but this unit coarsens in the upper 10-20 cm at sites C, D, and E (sand >70%), which are proximal to the modern channel of the Merrimack River. Sediments at sites C and E generally coarsen upward. Core C has a sandier unit (sand >65% ± 3 percentage points) from 60-40 cm below the sediment surface (Fig. 5) . Core E, the most river-proximal, contains sand with minor silt (average sand content of 77% ± 3 percentage points) in the upper 85 cm (Fig. 6) . In all cores, a layer of algal biofilm was present in the topmost 5 to 10 cm. Fig. 3 . Stratigraphic cross section of Joppa Flats tidal flat. Site A is located proximal to the modern riverbank and marsh, and site E is proximal to the river channel. Primary stratigraphic horizons and relations are denoted by dashed lines. Note the channel fill deposits at depth in the cores proximal to the modern marsh and the organicrich deposits at depth in the cores proximal to the modern river. Core elevations are relative to local mean sea level (MSL). Total 210 Pb measurements from sites A (bank-proximal) and C (central) exceed supported 210 Pb values at and above 11.5 and 6.5 cm, respectively (Fig. 7) . These sites both contain typical diffusion-like 137 Cs profiles, wherein activities generally decrease downcore following surface maxima. CRS accumulation histories were determined for sites A (bank-proximal) and C (central) from 1899 CE ± 36 years and 1932 CE ± 12 years, respectively, to 2015 CE. At site E (river-proximal), both total 210 Pb and 137 Cs activities vary throughout the upper 20 cm; data from this site do not meet the assumptions of the CRS model. Site E (river-proximal) is situated within the highest-energy region of the transect, ca. 300-400 m from the modern river channel. The relatively dilute and mixed 210 Pb, 137 Cs, and pollen-abundance data observed in the upper 50 cm of the core (Fig. 6 ) reflect the high degree of reworking anticipated at such exposed locations (see Andersen et al. 2000) . Analysis of site E topo-bathy LIDAR data (U.S. Army Corps of Engineers 2018) indicates localized scour around gaps in the nearby stone breakwater (built ca. 1830 CE), and enhanced deposition at and adjacent to site E (river-proximal) (see Supplementary Data Fig. S3 1 ) . For these reasons, data from site E (river-proximal) are not used for sedimentation records. Likewise, the base of core A (bank-proximal) presents complex stratigraphy (i.e., paired fining-upward sequences interpreted as channel infilling) indicative of punctuated deposition prior to 1446 ± 71 cal. years BP (Fig. 4) . For this reason, geochronological interpretations from site A (bank-proximal) are restricted to the upper ∼90 cm. 
Pre-European and European horizon at central and bank-proximal sites
The contact between Joppa Flats sediment deposited before and after initial European settlement is constrained by radiocarbon and palynological data from sites A (bankproximal) and C (central). Three radiocarbon dates (Table 1) identify the location of the upper boundary of pre-Colonial sediment to between 44 and 56 cm depth. We assumed that all terrestrial material (e.g., wood) for radiocarbon dating was rapidly reworked and transported to and deposited in the estuary. Recognizing the limitations of such assumptions, we further constrain post-Colonial deposition ages with pollen data. The transition from early Colonial sediment accumulation to the start of widespread land clearing at site C (central) is marked by pollen assemblages of >2% Ambrosia and the presence of Cerealia between a core depth of 21 and 23 cm. At site A the agricultural horizon is located between 35.5 cm (Cerealia) and 30.5 cm (>2% Ambrosia) depth. For coastal New England, the agricultural horizon has been interpreted as 1629 CE in Salem, Mass. (Hubeny et al. 2018) , and as late as 1785 CE along the Gulf of Maine coast (Ward et al. 2008) . The lower Merrimack River was first settled in the 1630s CE, grist and sawmills developed on smaller local rivers by 1645 CE (Currier 1902) , and extensive settlement and a busy commercial harbor occupied the adjacent waterside by the 1760s CE (Labaree 1962) . Therefore, a date of 1700 CE ± 50 years is assigned to this horizon at sites A (bank-proximal) and C (central). Additionally, an increase in abundance (>4%) of Ambrosia between 15 and 20 cm depth in site A (bank-proximal) likely represents the early peak of upper watershed deforestation between 1820 and 1880 CE (see Foster 1992) .
20th century horizon at central and bank-proximal sites
We use the 210 Pb horizon to differentiate sediment accumulation during the Colonial Era and Industrial Revolution (17th to late 19th century) from that which occurred during the 20th century. The diffusion-type 137 Cs profiles may result from bioturbation, similar to profiles that were observed in cores from Salem Sound, Mass. (∼35 km south of Joppa Flats; Hubeny et al. 2018) or leaching of 137 Cs, which has been observed in deepwater lakes in New England and Scandinavia (Davis et al. 1984) . However, the 210 Pb and 137 Cs radioisotope horizons are internally consistent, and found at ∼6.5 cm below the surface at site C (central) and ∼11.5 cm below the surface at site A (bank-proximal). Furthermore, these horizons are consistent with total Pb elemental abundance values determined from X-ray fluorescence (see Supplementary Data section S.2.4 and Fig. S4 1 ) . The latter provide a secondary marker horizon that is coincident with the onset of nationwide industrial lead production (late 19th century) and the introduction of leaded gasoline in automobiles (mid-to late-20th century) in the U.S. (Kemp et al. 2012 ).
Sediment accumulation and mobility
The overall low accumulation rates (0.2-2.8 mm/year; Fig. 8 ) and sand-dominated sediment observed in all cores are consistent with the low total suspended solids (9.0-15.0 mg/L) measured in the Merrimack River in this study during the spring 2014 freshet (Supplemental Table S4 1 ). During the 17th to 19th centuries, sediment accumulation within Joppa Flats increased by an order of magnitude, but rates remained moderate (maximum: 2.8 mm/year) even then.
Low accumulation rates may reflect the high degree of sediment mobility within Joppa Flats: during the ∼18 day period simulated in Delft3D, Joppa Flats was submerged approximately 74% of the time, during which period sediment mobility was present for at least 25% of the time. Near-bed velocity exceeds 0.3 m/s, producing transport in the direction of flow (Fig. 9) , for approximately 2 h centered on each tide reversal (approximately four times daily). The resulting water transport direction, and thus sand transport direction, exhibits some asymmetry (primary azimuth NW-N and SE) and, as such, produces net transport asymmetry (∼6 × 10 −4 m 3 m −1 s −1 ) toward the northwest-north, in the direction of the upstream Merrimack River.
Sediment sources
δ 13 C TOC and C : N values from all core samples indicate a mix of organic matter sources common to estuaries (Cloern et al. 2002; Bianchi and Bauer 2011) . Linear regression shows a co-varying relationship between δ 13 C TOC and sediment grain size, indicating time-varying contributions of sediment to the estuary from fluvial and estuarine (likely marsh and Fig. 8 . Sedimentation rates. Sedimentation rates have been calculated for sites A (a) and C (b) using the "classical" age-depth modeling software package Clam 2.1 (Blaauw 2010) . Geochronological inputs to the model include the oldest 210 Pb CRS age estimate, Ambrosia pollen horizon, and calibrated 14 C dates. marine) sources (Fig. 10) . These source variations are also spatially nonuniform across Joppa Flats. At site A (bank-proximal), sandy sediments (average: 32% ± 6 percentage points mud) with more negative δ 13 C values (−23.5‰ ± 0.2 per mille points) accumulated during pre-Colonial and early Colonial periods (until ca. 1750 CE) are gradually replaced by muddier sediments (average: 60% ± 12 percentage points mud) with more positive δ 13 C values (−21.2‰ ± 0.2 per mille points) during the 18th to early 20th centuries (Fig. 10) . We interpret this shift to reflect an increased contribution of sediment and organic matter from fringing riverbank saltmarshes (literature δ 13 C values: −12‰ to −14‰) and marine or estuarine sources (literature δ 13 C: −18‰ to −24‰ (Fry and Sherr 1984; Currin et al. 1995) ; local average δ 13 C: −20.7‰ ± 0.2 per mille points). We observe an opposite shift at site C (central), where muddier sediments (average: 50% ± 7 percentage points mud) with more positive δ 13 C values (-19.2‰ ± 0.1 per mille points) are found during pre-Colonial deposition. These are replaced by sandier sediments (average: 44% ± 14 percentage points) with more negative δ 13 C values (average: −22.6‰ ± 0.1 per mille points) during the early Colonial period through the 20th century ( Fig. 10 ), suggesting a mix of both marine or estuarine and terrestrial sediment during this time. This shift toward more negative δ 13 C values could reflect increased influence of upland-derived sources via the main Merrimack River channel (average δ 13 C: −28.7‰ ± 0.1 per mille points), possibly associated with basin-scale land clearing. During the 20th century, sediments (average δ 13 C value: −23.1‰ ± 0.4 per mille points) suggestive of mixed terrestrial and (or) marine sources contribute to both locations, though these are muddier (average: 55% ± 8 percentage points) at site A (bank-proximal) and sandier (average: 19% ± 3 percentage points mud) at site C (central).
Discussion
Estuarine sediment accumulation history
Observations of low sediment accumulation rates (0.2-2.8 mm/year) throughout the mid-to-late Holocene in the Merrimack River estuary and low modern total suspended solids (9.0-15.0 mg/L) in the Merrimack River support regional evidence that paraglacial coastal environments of New England are starved of fine-grained inorganic sediment, a feature attributed to the widespread removal of sediments from river basins by glaciers and by dam-building (Meade 1969; Weston 2014) . For example, in Plum Island Sound, located immediately to the south of Joppa Flats, fluvial sediment inputs are below global averages and well below the mineral sediment inputs necessary for local marsh accretion to keep pace with relative sea-level rise (Hopkinson et al. 2018) . Approximately 35 km south of Joppa Flats, Salem Sound exhibits similarly low sediment accumulation rates (0.12-0.22 cm/year), also attributed to low terrestrial sediment fluxes (Hubeny et al. 2018) . Indeed, where higher historical (ca. 19th century to present) sediment accumulation rates are observed in paraglacial estuaries (e.g., Ribble Estuary, United Kingdom: 4-11 mm/year), the cause is attributed to local engineering projects, such as reclamation and channel dredging, rather than regional changes in land use (van der Wal et al. 2002) .
Observed sediment accumulation rates at Joppa Flats are generally within a single order of magnitude through time, which limits clear interpretations of changing sediment fluxes, particularly during the post-European settlement period. Subtle changes in sediment accumulation rates, and particularly the increase following colonization (from 0.20-0.44 to 1.0-2.8 mm/year), may reflect natural variability in sediment supply to the estuary. However, higher rates of estuarine sediment accumulation in the central flats during the period of European colonization are consistent with the lateral marsh growth documented locally by Kirwan et al. (2011) , as well as subtle sedimentation increases recorded in upland ponds in New England (Francis and Foster 2001) during this same period.
The relative provenance of sediment delivered to the Merrimack Estuary varied during the transition from the pre-Colonial period to the period of increased land clearing during the 17th through 20th centuries. Specifically, the riverbank-proximal tidal flat received greater contributions of muddy sediment from local marsh and estuarine sources, whereas the central tidal flat, where fluvial influence is likely greater, experienced an increase in sandier, likely upland-derived, sediments. The accumulation of mixed-grain sediment with mixed terrestrial and marine influence occurred from ca. 1900 CE to present at both the central and riverbank-proximal regions of the tidal flat and is interpreted to reflect urbanization of the watershed. During the 20th century, residential development increased in the Merrimack River watershed, with these land uses accounting for ∼13% of land cover by the late 20th century (Flanagan et al. 1999) . Elsewhere, urban and suburban runoff has resulted in coarser-grained sediment accumulation in streams and rivers (e.g., Russell et al. 2018) , which is consistent with the minor coarsening-upward trend observed during the 20th century at both sites A and C (Figs. 4 and 5).
Proximal human and natural influences on estuarine sediment accumulation
Estuaries are sediment sinks for many U.S. Atlantic Coast rivers, potentially archiving and preserving records of both natural (Elliott et al. 2015) and anthropogenic Canuel 2000, 2002; Hubeny et al. 2018 ) changes in sediment accumulation for millennia (Meade 1982; Slattery and Phillips 2011) . However, preservation of these records can be complicated by mixing due to waves, tides, and bioturbation, and sediment deposition may be punctuated in response to tidal-channel formation and closure (Fruergaard et al. 2011) . At Joppa Flats, records from site E (river-proximal) and the base of site A (bank-proximal) emphasize the complex local dynamics of moderate-energy tidal environments, such as sediment reworking and tidal-channel migration. Environmental conditions also influence sediment provenance data: proximal to the riverbank (i.e., site A), saltmarsh-derived sediments appear to overwhelm (or mask) any upland-derived sedimentary signal from 17th, 18th, and 19th century land-clearing.
In addition to reworking by these local environmental conditions, we hypothesize that tidal erosion across the flats may explain the overall low sediment accumulation rates in the tidal flat. Observations and modelling indicate that tidal flats maintain an equilibrium elevation relative to mean sea level through competition between deposition and erosion by wind waves (Fagherazzi et al. 2006 Defina et al. 2007; Hu et al. 2018) . Given this potential geomorphic process, and no observed conversion of tidal flats to marshes across Joppa Flats, it is tempting to conclude that any increase in sediment accumulation in the Merrimack River estuary larger than that preserved and recorded here was possibly balanced by erosion, forcing the maintenance of near-equilibrium elevations in the estuary. In addition, the proximity of Joppa Flats to the Merrimack River promotes twice-daily tidal exchange of water with the Merrimack River estuary (Ralston et al. 2010 ), a process that our sediment transport simulations indicate could further facilitate erosion. Thus, it is possible that local erosive processes balanced some increase in sediment accumulation in Joppa Flats, maintaining near-equilibrium estuary bathymetry and buffering signals of varying sediment fluxes.
Local environmental conditions likely demonstrate a greater control over tidal flat deposition than local engineering works. Specifically, a stone breakwater (built with the intention of controlling the flow of the river in the estuary) and two river-mouth jetties (inlet stabilization) have limited direct influence on sediment accumulation at our sites. For example, the increased prevalence of coarse sediment and mixed marine and terrestrial organic matter influence during the 20th century observed in our sediment cores could be attributed to the effects of increased inlet stabilization and subsequent import of marine sediment. However, sediment transport in the Merrimack River inlet is ebb-dominated (FitzGerald et al. 1994; Hein et al. 2019) , which limits fluxes of marine sediment into Joppa Flats. Additionally, data from this study show sediment transport asymmetry from the tidal flats towards the Merrimack River channel, indicating that Joppa Flats receives limited marine deposition; it is thus expected that marine sedimentary signatures in our core records would be relatively muted. Likewise, there is no evidence from our data of impacts from the 19th century stone breakwater. The upper 60-70 cm of both cores D (within the breakwater) and E (outside the breakwater) contain nearly identical grain sizes and coarsening-upward trends, indicative of similar current and wind-wave energy regimes throughout their depositional history despite the presence of the stone breakwater beginning in ca. 1831 CE. Furthermore, hydrodynamic and sediment-transport data from this study demonstrate that the central Joppa Flats, despite being located within the portion of the tidal flats "sheltered" by the breakwater, experience currents strong enough to mobilize sediment, indicating minimal effects of the stone breakwater on sediment accumulation.
Distal human and natural influences on estuarine sediment accumulation
Natural sediment trapping upstream of the estuary may also limit sediment fluxes from the terrestrial landscape to the coast. While research across latitudes highlights the important role of sediment storage within floodplains (e.g., Mertes 1994; Goodbred and Kuehl 1998; Phillips et al. 2004) , paraglacial landscapes offer additional sediment sinks along their transport pathways. For example, the Connecticut River (USA) contains off-river water bodies that trap sediments through tidal pumping (Woodruff et al. 2013; Yellen et al. 2017) . Large lakes also trap sediment in the upper watersheds of many New England rivers (Meade 1982; Caldwell et al. 1989 ). In fact, some sediment in paraglacial landscapes may never reach a large river because of natural sediment trapping in ponds and on lowrelief coastal plains (Kasprak et al. 2013) . Additionally, in New England and other areas with European-style agriculture, sediment may accumulate behind mill dams and on the upslope side of stone walls built by early Colonial farmers (Walter and Merritts 2008; Johnson and Ouimet 2016; Johnson et al. 2018) , further preventing sediment from reaching the coast.
Concurrent with extensive upstream land clearing in the White Mountains of New Hampshire during the mid-19th century was downstream dam building within the lower Merrimack River (Fig. 2) . Such dams can greatly reduce sediment loads: globally, these have caused a ∼20% decrease in sediment discharge (e.g., Syvitski et al. 2005; Gupta et al. 2012) . Regionally, Weston (2014) found a correlation between water storage behind dams and decreased fluvial suspended sediment concentrations within U.S. Atlantic and Gulf coast rivers. For example, examination of the Merrimack Village Dam, one of the nearly 850 small "run-of-the-river" dams in the Merrimack River watershed (American Rivers 2016), revealed that it had captured ∼62 000 m 3 of sediment between 1734 CE and its removal in 2008 CE (Pearson et al. 2011) , the equivalent of ∼1.5 years of bedload export from the Merrimack River (41 600 m 3 /year; Hein et al. 2014) . Hence, it is probable that the largest volume of eroded sediment within the Merrimack River watershed was (and, therefore largely remains) trapped behind 19th century industrial dams, moderating estuarine sediment fluxes during a time of otherwise enhanced terrestrial sediment production. These studies reveal the relatively delayed and complex response of coastal sediment fluxes to time-varying land-use changes across different parts of the watershed over the course of >150 years.
Conclusions
This study uses historical, sedimentological, geochronological, geochemical, and palynological data from the paraglacial Merrimack River estuary to reconstruct patterns of preand post-European Colonial sedimentation. These data reveal changes in both the rate and source of estuarine sedimentation that are influenced by a range of local-and regional-scale factors related to land-use change and environmental conditions. Sediment accumulation rates in the Merrimack River estuary increased by an order of magnitude following European-style land clearing during the 17th and 18th centuries, but the overall increase in terrestrially derived sediment to the estuary may have been tempered by estuarine equilibrium dynamics as well as sediment trapping on the terrestrial landscape and behind dams. In particular, our data indicate that the Merrimack River watershed responded to land-use changes in a nonuniform manner, likely reflecting long periods of land-use change as settlement gradually impacted regions further upstream in the drainage basin. For example, industrial dams constructed in the lower reaches of the Merrimack Valley (mid-1800s CE) may trap sediments derived from extensive upstream deforestation (late-1800s CE). Additionally, local estuarine processes, such as tidal channel migration and subsequent infilling have complicated the estuarine sedimentary records obtained from Joppa Flats, which highlights the importance of using multidisciplinary approaches and multi-proxy records to interpret and document changes within coupled humannatural systems.
